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Very high energy resolution photoemission experiments on high quality samples of optimally doped
Bi2Sr2CaCu2O8+δ show new features in the low-energy electronic excitations. A marked change in
the binding energy and temperature dependence of the near-nodal scattering rates is observed near
the superconducting transition temperature, TC . The temperature slope of the scattering rate mea-
sured at low energy shows a discontinuity at TC . In the superconducting state, coherent excitations
are found with the scattering rates showing a cubic dependence on frequency and temperature. The
superconducting gap has a d-wave magnitude with negligible contribution from higher harmonics.
Further, the bi-layer splitting has been found to be finite at the nodal point.
PACS numbers: 71.27.+a, 78.20.Bh, 79.60.Bm
High temperature superconductivity continues to
present some of the biggest challenges in materials sci-
ence today. What is the nature of the low energy
excitations and what is the pairing mechanism that
leads to the superconductivity? In attempting to an-
swer these questions, angle-resolved photoemission spec-
troscopy (ARPES), with high resolution in both en-
ergy and momentum, has emerged as one of the lead-
ing techniques for the study of strongly correlated ma-
terials, including the high TC superconductors. Indeed,
the demonstration that the k−dependence of the am-
plitude of the superconducting gap in these materials is
consistent with d−wave symmetry represents an impor-
tant contribution of the technique to the field [1]. More
recently, it has been shown that ARPES is an excellent
probe of the single particle self-energy a quantity that
reflects the QP’s interactions within the system and man-
ifests itself in a renormalization of the single-particle dis-
persion and structure in the spectral width [2]. The dis-
covery of the mass renormalization or ”kink” in the dis-
persion in Bi2Sr2CaCu2O8+δ has lead to renewed spec-
ulation about the origin of high temperature supercon-
ductivity (HTSC) and the possibility that the observed
renormalization reflects coupling to some boson involved
in the pairing [3]. Indeed, the ”kink” has become one of
the central issues in subsequent ARPES work, with con-
siderable controversy regarding its source [1, 4, 5, 6, 7].
Is it related to the presence of spin excitations or does it
reflect an interaction with phonons or indeed any other
collective mode? Note that this is not an easy issue to
resolve as the various energy scales are nearly identical.
Our earlier studies of the doping and momentum depen-
dence pointed to spin fluctuations [6], while some papers
favour phonons [1, 5] as the source of mass enhancement.
A second important question that remains open is the
detailed k−dependence of the superconducting gap ∆(k).
Although the momentum dependence of the gap ampli-
tude was one of the first ARPES contributions to the
field, [1] the k−dependence from the near-nodal region
has not previously been measured with sufficient preci-
sion. Early work showed that the contribution of higher
d−wave harmonics grew as the doping was reduced [8].
Some recent papers suggest a significant contribution of
higher harmonics in the coskx-cosky distribution, even
for samples relatively close to optimal doping [9]. How-
ever, low-temperature thermal transport measurements
suggest that the near nodal gap scales with the maximal
gap ∆0 as measured in ARPES [1] or tunnelling [10],
even in severely underdoped samples [11]. A detailed
k−dependence of the gap is crucial as it determines the
range of pairing interactions in real space. Further if
the gap is a superposition of two competing orders, the
k−dependence of the gap could provide insights into the
relationship between them.
Finally, even though it is generally believed that the
normal state of the cuprate superconductors is not a
Fermi-liquid, the appearance of well defined quasiparti-
cles (QPs) in the superconducting state has been well
documented in other experimental techniques such as
thermal conductivity [11], microwave [12] and scanning
tunnelling spectroscopy [13]. However, there are conflict-
ing ARPES results on the existence of nodal QPs [3, 14].
In particular, one of our earlier studies reported that the
spectral width in the nodal region was almost completely
insensitive to the superconducting transition [3]. Theo-
retical studies indicate that in the superconducting state,
phase space restrictions should result in a cubic depen-
dence on T and ω [15].
In the present letter, we focus on these issues again
and show that the sample quality and experimental res-
olution are crucial factors in resolving ”fine details” of
the electronic structure near the nodal point. We show
2that with sufficient resolution and high-quality samples,
the ARPES experiments detect a marked change in the
nature of the near-nodal excitation at the superconduct-
ing transition. Coherent states are found in the super-
conducting state, with the QP width being less than its
energy. Below TC the scattering rate displays a cubic
dependence on T and ω up to ∼ 75 meV. In the normal
state, the scattering rate varies as ω for ω > T , and as
T , for T < ω. Further, we have found that the gap func-
tion near the node may be correlated with the amount
of elastic scattering. In the highest quality samples the
superconducting gap amplitude has a typical ”V” profile,
but with increasing elastic scattering the near-nodal gap
becomes reduced and convex. We have also found a finite
bi-layer splitting at the nodal point.
The experiments were carried out on a Scienta SES-
2002 electron spectrometer at beam line U13UB of the
National Synchrotron Light Source. The combined in-
strumental energy resolution was set either to ∼ 5 meV
or to 10 meV as indicated in the text. The angular reso-
lution was better than ±0.003A˚−1 at the 16.7 eV photon
energy used in the present study. Samples, grown by
travelling solvent floating zone method, were mounted
on a liquid He cryostat and cleaved in-situ in the UHV
chamber with a base pressure 6 × 10−9 Pa. The tem-
perature was measured using a calibrated silicon sen-
sor mounted near the sample. The photoemission spec-
tra were analysed using both energy distribution curves
(EDC) and momentum distribution curves (MDC).
Fig. 1 shows the photoemission spectrum recorded
with 5meV resolution in the superconducting state along
the momentum line as indicated in the inset. Several
lines were scanned in momentum space parallel to this
line (30◦ relative to ΓY) allowing the Fermi Surface in
the near-nodal region to be reconstructed. A bi-layer
splitting that is finite and measurable is obvious in both
the MDCs and EDCs. At the nodal point the splitting is
visible only with the energy resolution of 10 meV or bet-
ter. Measured with 5 meV resolution, we determine by
fitting with two Lorentzian peaks that the width of the
bonding component is ∆kB ≈ 0.009A˚
−1 and the splitting
between the two components is kB − kA ≈ 0.008A˚
−1 at
the nodal point. These values represent the components
perpendicular to the Fermi surface. Similar values for the
widths and splitting have been reported elsewhere [16].
In Fig. 2(a) we show the k-dependences of momentum
width of the bonding state at the Fermi surface and of
the momentum splitting between the bonding and anti-
bonding states. Again, the components perpendicular
to the Fermi surface are shown, this time as measured
with 10 meV resolution. As anticipated, the splitting be-
tween the states becomes larger as one moves away from
the nodal point. As an indication of the quality of the
present sample, A, we also show the near nodal width
from another optimally doped sample, B, measured at
the same temperature and with same experimental reso-
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FIG. 1: a) High-resolution photoemission spectrum of opti-
mally doped Bi2Sr2CaCu2O8+δ at 8 K, along the dashed line
in the Brillouin zone, as indicated in (c). b) MDCs at ω = 0
(circles) and at ω = −10 meV (triangles). c) Fermi surface
reconstructed from a series of spectra along momentum lines
parallel to the dashed line. d) EDC at a fixed momentum
(k−kF = 0.015A˚
−1). The solid line shows a Lorentzian fit to
the near-peak and the high-energy side of the bonding state
peak.
lution. The larger widths reflect a higher level of impurity
or defect scattering. In Fig. 2(b) we show the amplitudes
of the superconducting gaps, ∆(k), as measured using the
leading edge of a spectrum integrated over a finite mo-
mentum range, typically ±0.05A˚−1 around kF along the
measured momentum lines. We have also used different
methods of extracting the gap amplitude [17], resulting in
the same k−dependence. The gap function of the sample
with sharp nodal states (A) clearly has a V-like profile,
while the sample with broader states (B) shows a convex
gap function (flatter gap) near the node. The function
∆0[Bcos(2φ)+ (1−B)cos(2φ)] has been used to describe
the anisotropy of the gap with ∆0 the maximum gap
amplitude [8]. The V-shape is characteristic of a pure
cos(2φ) with little or no contribution from higher har-
monics and points to the dominance of nearest neighbor
interactions in the pairing in sample A. However, with
an increasing contribution from impurity scattering, the
gap amplitude near the node gets reduced, states become
broader, and any fine detail of the type discussed below
becomes unresolved.
Fig. 3(a) shows the effects of the superconducting tran-
sition on the scattering rates for sample A. A normal
state spectrum was recorded with 10meV resolution and
fitted with a single Lorentzian lineshape. Two spectra in
the superconducting state were recorded consecutively
with 10 meV and 5 meV resolution and fitted with a
30 20 40 60 80
0
10
20
 A
 B
 
 
∆
 
(m
e
V)
φ
10
15
40
60
80
 
 
 A width
 A splitting
 B width∆k
,
 
sp
lit
tin
g 
(10
-
3 A
-
1 )
a)
b)
FIG. 2: a) Momentum width of the Fermi surface as a func-
tion of angle φ for two optimally doped samples (A and B).
The momentum splitting between bonding and anti-bonding
states for the sample with sharper states (A) is also plot-
ted. Components normal to the Fermi surface are shown. b)
Superconducting gap for samples A, B.
single Lorentzian peak and with two Lorenztian peaks,
respectively. It is clear that most of the change between
the normal and superconducting states occurs in the low
binding energy range, below ∼ 75meV. If taken with
high resolution, the superconducting spectrum shows a
smooth variation of the MDC width in that region, with
no indication of any prominent structure up to ∼ 75meV,
where the functional form changes into a nearly linear
dependence. In the latter regime, the scattering rate is
almost unaffected by the superconducting transition [18].
The low energy region recorded with high resolution may
be fitted with an ω3 dependence (Fig. 3(b)), character-
istic of electron-electron scattering in the presence of a
d−wave gap [15]. It is clear that the fit does not catch the
lower frequencies accurately. In this region a linear de-
pendence seems more appropriate. The total scattering
rate or inverse lifetime reflects both elastic and inelastic
contributions, the former from impurities, and the lat-
ter from electronic and bosonic scattering processes. As
such, the finite scattering rate at the lowest temperatures
at ω = 0 reflects the elastic scattering from impurities
or defects. Furthermore it has been suggested elsewhere
[15, 19] that the lowest frequency region is dominated
by the quasi-linear dependence of weak elastic scattering
from out of plane impurities, consistent with our obser-
vations.
We also show in Fig. 3(c) the width of the lower (bond-
ing) state as determined from EDCs recorded with 5
meV resolution and fitted with Lorentzian peaks. Fit-
ting the EDCs with Lorentzians works well because ImΣ
is a slowly varying function, and its value is small at low
energies (|ω| ≤ 50meV). As indicated in the figure, it is
clear that over a finite range of energies near the Fermi
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FIG. 3: a) Width of the MDC peak in the nodal region in
the normal and superconductiong state recorded with 5 meV
and 10 meV energy resolution, as indicated. b) The 5meV
resolution data from (a), fitted with a cubic fit (solid line).
c) EDC width as a function of binding energy at 8K. The
straight line indicates the ”QP” boundary, Γ(ω) = |ω|.
level, the width of the state is less than its energy, in
agreement with recent laser induced ARPES studies [20],
an indication that nodal QPs exist in the superconduct-
ing state. However, this clear evidence of QPs appears
to be true only at the low temperatures. In the vicinity
of TC , the criterion that the width of the state is less
than its energy is satisfied only marginally and over a
very narrow range of energies even after subtracting the
contribution from impurity scattering and energy resolu-
tion. This is markedly different from the observations on
metallic systems such as our study of molybdenum [2].
More detailed temperature dependent studies of the
electron self-energies for the same momentum line (from
Fig. 1) are shown in Fig. 4. In 4(a) the MDC de-
duced dispersions are shown for several temperatures,
while 4(b) shows the corresponding energy dependence of
the momentum widths. The T -dependence of the width
at the Fermi level is shown in 4(c). For this analysis
all the spectra were taken with 10 meV total resolution
and the MDCs were fitted with a single Lorentzian. As
such the widths at low T are larger than the equiva-
lent width in Fig. 3(b). Fig. 3(a) and figures 4(b) and
4(c) allow us to compare the scattering rates more di-
rectly above and below TC . It is clear that the opening
of the d−wave superconducting gap modifies the func-
tional form of the nodal scattering rate, leading to the
cubic dependence on binding energy at low frequencies
as discussed above. Also, the MDC width at the Fermi
level (ω = 0) as a function of T shows a discontinuity in
slope at, or slightly above TC . The discontinuity and a
rapid narrowing below a certain temperature suggest the
formation of coherent quasi-particles in the low-T state,
consistent with our observations discussed earlier. Below
TC the spectral points in Fig. 4 (c) can be fitted with a
cubic dependence as predicted for QPs scattering off spin
fluctuations in a superconducting state with d−wave gap
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FIG. 4: a) The MDC-derived dispersion along the line in-
dicated in Fig. 1c at different temperatures. b) The corre-
sponding MDC peak-widths. c) The T -dependence of MDC
width at the Fermi level. The solid line is a cubic fit to the
data below TC .
[15, 19].
Elsewhere it has been suggested that the kink or mass
renormalization observed in the nodal direction in the
cuprates reflects coupling to some optical phonon mode
[1, 5]. Let us consider this suggestion. In the usual
Migdal-Eliashberg approximation, the scattering rate or
imaginary component of the self-energy is given by
ImΣ(ω) ∝
∫ ω
0
dν
N(ν)
N0
α2F (ω − ν) (1)
where in the superconducting state with the order pa-
rameter having d−wave symmetry, the density of states
(DOS) may be approximated by N(ω)/N0 ≈ ω/∆0 at
low frequencies. Here ∆0 again represents the maximal
superconducting gap energy and N0 represents the nor-
mal state DOS. Examination of equation (1) shows that
if the phonon mode energy (corresponding to the kink
energy) is greater than ∆0, the scattering rate as a func-
tion of binding energy at energies below the mode will
be insensitive to the superconducting transition. This
is clearly inconsistent with figures 3(a) and 4(a,b,c) and
essentially rules out the possibility that the kink reflects
coupling to such a single Einstein mode. The linear term
and a finite zero-energy offset indicate, as already noted,
that the lowest energy range is still dominated by impu-
rity scattering. In that case, the low energy scattering
rate would be affected by the transition. However, the
change in the elastic scattering would be limited to en-
ergies inside the maximal superconducting gap ∆0, as it
would reflect the redistribution of density of states upon
transition. Here, the observation that there are changes
at frequencies below the mode, but outside the gap en-
ergy ∆0, rules out the scattering from a single phonon
mode. One simple explanation would be that the bosonic
spectrum itself changes at transition. A redistribution of
bosonic states at low energies, while conserving the total
density (e.g. by opening of a gap at low energies) would
strongly affect the electronic scattering rates at low ener-
gies, with minimal impact on those at high energies. We
note in passing that any changes in the scattering rate
or ImΣ for the nodal excitations must be accompanied
by equivalent changes in ReΣ through causality. This
is clearly visible in Fig 4(a) where the changes in ReΣ
affect the measured dispersions, in accordance with our
previous study [6].
In summary we have demonstrated a marked change in
both the energy and temperature dependence of the scat-
tering rates for the low energy excitations in the nodal
region on entering the superconducting state. As we have
reported before [3] and as found in optical conductivity
studies [21] the states at higher binding energies show
the same linear dependence on binding energy indepen-
dent of whether the system is in the normal or super-
conducting state. This observation points to strong scat-
tering in the electron-electron channel that reflects the
entire band. The states at low frequencies have lifetimes
that suggest they represent coherent Fermionic excita-
tions. Further they appear sensitive to the presence of
the superconducting gap and indeed the scattering rates
have the anticipated cubic dependence on binding energy
and temperature that reflect the restricted phase space
in the d−wave gap. In addition, the observation that the
scattering rate as a function of binding energy is modi-
fied on entering the superconducting state also provides
evidence that the interaction responsible for this is elec-
tronic in origin. A high frequency phonon at ω0 would
not affect the relaxation rate until T or ω exceeds ω0.
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